Striatal and cortical neurons containing NADPH-diaphorase [NADPH-d(؉)]
INTRODUCTION
Neurons containing NADPH-diaphorase [NADPHd(ϩ) neurons] are widely distributed in the nervous system (Thomas and Pearse, 1961) and colocalized with the neuronal isoform of nitric oxide synthase (Dawson et al., 1991) . Extensive study supports that NADPHd(ϩ) neurons are spared from hypoxic-ischemic insults and several neurodegenerative diseases including Huntington's disease (Ferrante et al., 1985) and Parkinson's disease (Hunot et al., 1996) . The selective sparing of NADPH-d(ϩ) neurons has been attributed to resistance against N-methyl-d-aspartate (NMDA) or quinolinate toxicity (Koh et al., 1986; Koh and Choi, 1988) . However, NADPH-d(ϩ) neurons in the CA1 and hilus are selectively damaged following the administration of kainate, a seizure-inducing excitotoxin (Miettinen et al., 1995; Lei, 1996) . NADPH-d(ϩ) striatal or cortical neurons die following a brief exposure to ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or kainate that does not injure NADPH-d(Ϫ) neurons (Koh and Choi, 1988; Beal et al., 1989; Ferriero et al., 1991) . NADPH-d(ϩ) neurons show influx of Ca 2ϩ following activation of AMPA/kainate receptors (Weiss et al., 1994) , possibly by expressing the subunits of Ca 2ϩ -permeable AMPA and kainate glutamate receptors. This Ca 2ϩ entry can render NADPH-d(ϩ) neurons more vulnerable to AMPA/kainate-mediated excitotoxicity. Ca 2ϩ ion permeability through non-NMDA glutamate receptors depends upon the relative ratio and RNA editing of GluR2 subunit comprising the AMPA receptor complex (Hollmann et al., 1991; Geiger et al., 1995; Washburn et al., 1997) . The AMPA receptor channels without GluR2 subunit reveal the permeability for Ca 2ϩ as well as Na ϩ while the GluR2-containing channels are impermeable to Ca 2ϩ (Hollmann et al., 1991) . GluR1, GluR3, and GluR4 subunits contain glutamine (Q) within a pore-forming region of the second membrane-associated domain and assemble into Ca 2ϩ -permeable channels. The Q site can be substituted with arginine (R) in the GluR2 subunit (Hume et al., 1991; Burnashev et al., 1992) . This arginine residue is created by site-specific RNA editing, predominates in mature brain, and hinders Ca 2ϩ entry through AMPA receptors (Sommer et al., 1991) .
It is intriguing to postulate that NADPH-d(ϩ) neurons may show differential expression and processing of GluR2 subunits. In fact, Catania et al. (1995) reported that nNOS/NADPH-d(ϩ) rat cortical, striatal and hipocampal neurons, expressed relatively low or undetectable level of GluR2 mRNA, implicating that these neurons contain Ca 2ϩ -permeable AMPA receptors. However, other studies failed to detect any AMPA receptor subunits present in NADPH-d(ϩ) rat striatal neurons (Martin et al., 1993; Chen et al., 1996; Bernard et al., 1997) .
We have noticed that relative ratio of GluR2/GluR1 and Q/R editing of GluR2, two major factors determining Ca 2ϩ -permeability through AMPA receptors, have not been tested in individual NADPH-d(ϩ) neurons. In the present study, we applied single cell RT-PCR technique to analyze the subunit composition of AMPA receptors and Q/R editing of GluR2 in single striatal neurons positive or negative (mostly medium spiny neurons) to NADPH-d.
RESULTS

Selective Vulnerability of Rat Striatal NADPH-d(؉) Neurons to AMPA
Striatal neurons containing NADPH diaphorase [NADPH-d(ϩ) neurons] were highly sensitive to AMPA-mediated excitotoxicity as previously reported (Beal et al., 1989) . In particular, NADPH-d(ϩ) neurons showed significant degeneration 24 h after exposure to 100 M AMPA for 10 min, while the other striatal neurons were resistant against such a brief exposure (Fig. 1) . Exposure to AMPA for 30 min resulted in loss of NADPH-d(ϩ) neurons up to 80% with survival of most striatal neurons. 
Single Cell RT-PCR Analysis for Expression of AMPA Receptor Subtypes
To examine the possibility that selective degeneration of NADPH-d(ϩ) neurons to AMPA may be attributed to differential expression of GluR1-GluR4 mRNA, we applied the single cell RT-PCR procedure to analyze the relative amount of each subtype in NADPH-d(ϩ) and NADPH-d(Ϫ) neurons. In brief, each NADPH-d(ϩ) or NADPH-d(Ϫ) neuron was aspirated into a patch pipette and subjected to . To analyze mRNA levels of GluR1-GluR4, the first PCR was performed using degenerative primers to amplify all subunits equally (Nested PCR). Neuronal types were determined using each primer set specific for NADPH-d(ϩ) or NADPH-d(Ϫ) neurons (multiplex PCR). The second PCR was performed using selective primers for each target.
When RT-PCR was performed using primers for polymorphic repeat sequences that were capable of detecting genomic DNA, no PCR product was identified, excluding the possibility that nuclear DNA would interfere with analysis of mRNA (Data not shown). Relative level of mRNAs in a cell was normalized to one of GAPDH mRNA. Both NADPH-d(ϩ) and NADPH-d(Ϫ) neurons showed similar levels of neurofilament (NF-L) and GAP43 mRNA that are expressed selectively in neurons (Fig. 2C ). NADPH-d(ϩ) neurons were determined by mRNA expression of nNOS and neuropeptide Y that were not detected in NADPH-d(Ϫ) neurons.
RT-PCR analysis of the four AMPA receptor subunits was performed using a nested PCR protocol similar to that described by Washburn et al. (1997) , except that different 3Ј-pan primers for the first PCR amplification of AMPA receptors were used. GluR1, GluR2, and GluR3 mRNAs were detectable in both NADPH-d(ϩ) and NADPH-d(Ϫ) neurons, whereas GluR4 mRNA was not expressed in either neuronal types (Fig. 3A) . RT-PCR experiments with total RNA samples from striatal cell cultures demonstrated that levels of GluR1 and GluR2 mRNA were approximately twofold higher than that of GluR3 mRNA (Fig. 3B) . The similar pattern of AMPA receptor subtypes was observed in NADPHd(Ϫ) neurons. Interestingly, NADPH-d(ϩ) neurons revealed the highest expression of GluR1 mRNA (69.3%) and moderate expression of GluR2 mRNA (27%). The ratio of GluR1/GluR2 mRNA in NADPH-d(ϩ) and NADPH-d(Ϫ) neurons was 2.5 and 1, respectively. Thus, the reduced ratio of GluR2/GluR1 mRNA can contribute to selective vulnerability of NADPH-d(ϩ) neurons to AMPA.
Q/R Editing Patterns of GluR2 in Striatal Neurons
In addition to expression profile of GluR1 and GluR2, the Q/R editing status of GluR2 influences Ca 2ϩ permeability and neuronal death through AMPA receptors. In most NADPH-d(Ϫ) neurons, GluR2 mRNA was expressed as an edited R form (Figs. 3C and 3D ). However, GluR2 mRNA was not or partially edited in NADPH-d(ϩ) neurons.
Ca
2؉ Entry Is Related with Selective Vulnerability of NADPH-d(؉) Neurons
The expression and Q/R editing patterns of GluR1 and GluR2 mRNA imply that Ca 2ϩ mediate AMPAmediated excitotoxicity in NADPH-d(ϩ) neurons. We studied if administration of AMPA would cause influx of Ca 2ϩ in NADPH-d(ϩ) neurons. Most NADPH-d(Ϫ) neurons exposed to 100 M AMPA for 15 min did not show Co 2ϩ uptake, a histochemical technique that identifies Ca 2ϩ permeable channels (Weiss et al., 1994) . In contrast, Co 2ϩ uptake was observed approximately in 90% of NADPH-d(ϩ) neurons (29 from 32 neurons) following 15 min-exposure to 100 M AMPA (Fig. 4A) . AMPA-mediated degeneration of NADPH-d(ϩ) neurons were markedly reduced by removing extracellular Ca 2ϩ during exposure to AMPA (Figs. 4B and 4C ).
DISCUSSION
We demonstrate that individual NADPH-d(ϩ) neurons express higher levels of GluR1 mRNA than NADPH-d(Ϫ) neurons in striatal cell cultures. In addition, most NADPH-d(ϩ) neurons express the unedited form of GluR2 mRNA that is expressed as an edited form in NADPH-d(Ϫ) neurons. The reduced ratio of GluR2/GluR1 mRNA and the unedited GluR2 mRNA render NADPH-d(ϩ)neurons highly permeable to Ca 2ϩ through AMPA receptors, which underlies selective vulnerability of NADPH-d(ϩ) neurons following activation of AMPA receptors.
A transient activation of AMPA receptors can injure NADPH-d(ϩ) neurons while prolonged activation of ionotropic glutamate receptors sensitive to AMPA and kainate is required to trigger death of NADPH-d(Ϫ) neurons. The selective degeneration of NADPH-d(ϩ) neurons to AMPA appears to require Ca 2ϩ influx (Weiss et al., 1994) . As AMPA receptors without the GluR2 subunit are permeable to Ca 2ϩ ion, it is conceivable that levels of GluR2 may be lowered in NADPH-d(ϩ) neurons. We applied single cell and nested PCR protocol to precisely analyze the relative levels of AMPA receptor subunits within individual NADPH-d(ϩ) or (Ϫ) neurons. This single cell RT-PCR revealed that relative level of GluR2 mRNA was significantly reduced in striatal NADPH-d(ϩ) neurons as previously reported using in situ hybridization and immunocytochemistry (Catania et al., 1996) . We additionally found that the same neurons expressed higher levels of GluR1 mRNA. This suggests that the proportion of GluR2 to other AMPA receptor subunits is reduced selectively in NADPHd(ϩ) neurons. The low ratio of GluR2 to the other subtypes (e.g., GluR1) likely contributes to selective death of striatal NADPH-d(ϩ) neurons in response to AMPA.
The Q/R editing as well as expression of GluR2 determines Ca 2ϩ ion permeability of AMPA receptors (Hume et al., 1991; Sommer et al., 1991; Burnashev et al., 1992) . Our single cell RT-PCR protocol was extended to analyze the editing patterns of GluR2 mRNA in individual neurons. The Q/R editing of GluR2 subunit was observed to 90% in NADPH-d(Ϫ) neurons. However, the Q/R editing was absent or markedly reduced in NADPH-d(ϩ) neurons. The reduced editing of GluR2 mRNA appears to be unique to striatal NADPH-d(ϩ) neurons as GluR2 mRNA is observed exclusively in the edited form in young and old brains (Carlson et al., 2000) . Thus, Ca 2ϩ ion likely enters into NADPH-d(ϩ) neurons following activation of AMPA receptors with the unedited GluR2 as well as the reduced fraction of GluR2. In fact, NADPH-d(ϩ) neurons treated with AMPA were histochemically stained with Co 2ϩ and survived in the absence of extracellular Ca 2ϩ . The GluR2 hypothesis has been established as a potential mechanism of selective neuronal death that occurs after injury to the central nervous system. Transient forebrain ischemia causes delayed neuronal death in the CA1 pyramidal layer that is preceded by downregulation of GluR2 mRNA and prevented by AMPA receptor antagonists (Pellegrini-Giampietro et al., 1992 Gorter et al., 1997) . Death of CA1 and CA3 pyramidal neurons after systemic administration of kainate is accompanied by decrease in GluR2 mRNA and protein level (Grooms et al., 2000) . However, the expression pattern of GluR2 alone may be insufficient to explain
FIG. 3. Expression and editing profile of AMPA receptor subunits in NADPH-d(ϩ) or (Ϫ) neurons. (A) RT-PCR analysis representative of
AMPA receptor subunit expression in a single NADPH-d(ϩ) (SD) or (Ϫ) (SN) neuron. Nested RT-PCR was applied to reveal the relative mRNA levels of AMPA receptor subunits (GluR1-4) and each subunit-specific PCR product was visualized by digital fluorimetric scanning. (B) The mRNA level of each AMPA receptor subunit was analyzed by measuring fluorescence intensity of SYBR green I intercalated into specific PCR product, mean Ϯ SEM (n ϭ 24 neurons for each GluR1-4), scaled to total amount of GluR1-4 mRNA expressed in each single neuron (ϭ 100%). *Significant difference from SN at P Ͻ 0.05, using two-tailed t test. (C) Restriction analysis of Q/R editing. Each RT-PCR product of GluR2(Q/R) from SD or SN was digested by BbvI that cleaves the unedited form of GluR2. (D) The Q/R editing of GluR2 in SD or SN neurons was analyzed by measuring fluorescence intensity of SYBR green I intercalated into specific PCR product, mean Ϯ SEM (n ϭ 24 for SN neurons and 15 for SD neurons), scaled to total amount of GluR2 subunit (ϭ 100%). *Significant difference from SN at P Ͻ 0.05, using two-tailed t test.
the selective vulnerability to kainate as the hippocampal interneurons resistant to kainate do not express GluR2 (Leranth et al., 1996) . GluR2 mRNA is downregulated and unedited in the spinal ventral gray of patients with amyotrophic lateral sclerosis (Takuma et al., 1999) . In addition to altered expression and editing of GluR2, the present study implies that the relative ratio of GluR2 expression to the other AMPA receptor subtypes determines sensitivity of central neurons to non-NMDA-mediated excitotoxicity.
NADPH-d(ϩ) neurons reveal differential sensitivity to excitotoxic insults. These neurons are resistant to NMDA-mediated excitotoxicity and spared from hypoxic-ischemic insults and neurodegenerative diseases ( Ferrante et al., 1985; Koh et al., 1986; Ferriero, 1988; Hunot et al., 1996) . In contrast, these neurons were sensitive to non-NMDA-mediated excitotoxicty and selectively injured following kainate-induced epileptic injury (Miettinen et al., 1995; Lei et al., 1996) . The present study provides a plausible hypothesis that reduced ratio and editing of GluR2 subtype in NADPH-(ϩ) neurons underlie Ca 2ϩ ion permeability and selective vulnerability after activation of AMPA/kainate receptors.
EXPERIMENTAL METHODS
Striatal Cell Cultures
Rat striatal cultures were prepared as previously described (Park et al., 1998) . Animals were handled in accordance with a protocol approved by our institutional animal care committee. Embryonic day 16 (E16) fetal rat striata were dissociated and plated on the 24-well plates or 35-mm dishes precoated with poly-dlysine/laminin (six hemispheres/24-well plate, 1 hemisphere/35-mm dish). Plating media consisted of minimal essential medium (MEM, Earle's salts, without l-glutamine and sodium bicarbonate) supplemented with 5% horse serum, 5% fetal bovine serum, 21 mM glucose, 26.5 mM bicarbonate, and 2 mM l-glutamine. Cultures were maintained at 37°C in a humidified 5% CO 2 atmosphere. Cytosine arabinofuranoside (final concentration, 10 M) was added to cultures at 5-6 days in vitro (DIV 5-6), where glia became confluent underneath neurons. Two days later, cultures were shifted into a growth medium identical to the plating medium but lacking fetal serum. All experiments were performed at DIV 12-16.
Enzyme Histochemistry for NADPH-diaphorase
To visualize NADPH-d(ϩ) neurons, the cultures were fixed in 4% RNase-free paraformaldehyde, washed with 100 mM Tris-HCl, and then incubated in 100 mM Tris buffer containing 1 mM NADPH, 0.3 mM nitroblue tetrazolium, and 0.2% Triton X-100 at 37°C for 30 min as described previously (Scherer-Singler et al., 1983) .
Immunohistochemistry
Following staining with NADPH-d, cultures were washed with diethyl pyrocarbonate (DEPC)-treated PBS, treated with 0.4% Triton X-100 for 10 min, and incubated in 1% acetylated BSA for 20 min at 4°C.
Cultures were reacted with a mouse monoclonal antibody against NeuN (1:400, Chemicon, U.S.A.), a neuronal marker protein, in 0.5% BSA solution for 30 min. Cultures were reacted with a mouse anti-rabbit IgG conjugated with biotin (1:100, Vector laboratories). The biotin-labeled signals were visualized using avidin-biotin complex (Vector laboratories) and diaminobenzidine (Sigma) as a substrate.
Cell Death Paradigm
Rat striatal cultures (DIV 14 -16) were washed with MEM supplemented with 21 mM glucose and 26.5 mM bicarbonate. Cultures were then exposed to 100 M AMPA for 30, 60, or 120 min. Neuronal death was analyzed 24 h later by measuring the efflux of lactate dehydrogenase (LDH) into the bathing media. The percentage neuronal death was normalized to the mean LDH value released 24 h after exposure to 500 M NMDA (ϭ100) or a sham control (ϭ0). Death of NADPH-d(ϩ) neurons was determined by counting process-bearing NADPH-d(ϩ) neurons with intact cell body. Death of NADPH-d(ϩ) neurons was evaluated 24 h later by counting viable NADPH-d(ϩ) neurons.
Single Cell RT-PCR
Reverse transcription (RT).
Following double labeling with NADPH-d and anti-NeuN antibody, striatal cell cultures were treated with 1 g/ml of proteinase K (Roche Molecular Biochemicals) for 10 min at room temperature. Individual NADPH-d(ϩ) neurons or normal spiny striatal neurons were aspirated into a patch pipette by giving negative pressure, respectively. The aspired content was ejected into a 0.2-ml PCR tube containing 5 l of DEPC-treated water, 0.5 unit RNAsin (Promega), and 1 l of 0.1 M dithiothreitol. To remove nuclear DNA from a single cell, the mixture was treated with 0.5 unit of DNase I at 37°C for 20 min, reacted with 5 g of proteinase K at 70°C for 10 min, and then incubated at 95°C for 10 min to inactivate the protease. The RNA samples were reverse transcriptase in a mixture containing 200 unit of MMLV (Promega), 1 l of 10 mM mixed dNTP, 0.5 unit of RNAsin, and 100 ng of T7-oligo dT (5Ј-AAACGACG-GCCAGTGAATTGT AATACGACTCACTATAGGCG-CT(24)-3Ј) for 120 min at 37°C.
Polymerase chain reaction (PCR). RT reaction product from a single neuron was used as a template for the first PCR amplification. Except AMPA receptor subunits, amplification was performed according to manufacturer's procedure (Takara Shuzo Co.), using a multiplex PCR for 40 cycles at following conditions: denaturation at 94°C for 35 s, annealing at 55°C for 45 s, and extension at 72°C for 90 s. For amplification of AMPA receptor subunits, a nested PCR was performed using degenerate primers for 40 cycles (denaturation at 94°C for 30 s, annealing at 45°C for 45 s, and extension for 90 s at 72°C). PCR primers used were listed as follows: NF-L (forward, AGCAGAATGCA-GACATTAGCG; reverse, TGGTCTCTTCGCCTTCCAAG-AGT), GAP43 (forward, CACCATGCTGTGCTGTATGA; reverse, ATCATCCTTCTCCTTGGCCT), NPY (forward, CAAGTTTCATTTCCCATCACCA; reverse, GCCCAGAG-CAGAGCACCC), nNOS (forward, AATGGAGACCCC-CCTGAGAAC; reverse, TCCAGGAGGGTGTCCACCGC), GAPDH (forward, TCCATGACAACTTTGGCA TCGTGG; reverse, GTTGCTGTTGAAGTCACAGGAGAC), and a pair of pan primers for AMPA receptors (forward primer, 5Ј-TGGCCTATGAGATCTGGATGTG-3Ј; reverse, 5Ј-TCG-TACCACCATTTG(C/T)TTTTCA-3Ј). The second PCR was performed using each primer set for neuronal marker genes or AMPA receptor subunit mRNAs. Primers, selective for GluR1-GluR4 are as follows: GluR1 forward, GTCGTC-CTCTTC CTGGTCAGCC, and reverse, GTGTCACA-GGGCTTTCGTTGCT; GluR2 forward, TCAGCAGATTTA-GCCCCTACGA, and reverse, GCATACTTTCCTTTGGAT; GluR3 forward, TAGTCAGCAGATTTAGCCCTTA, and reverse, TTTCCACCAACTTTCATCGTAT; GluR4 forward, ATCGTCCTACACTGCTAATCT, and reverse, ACGAT-GAAAGTGGGAGGAAACC; GluR2(Q/R) forward, AG-CAGATTTAGCCCCTACGAG and reverse, TAAGTTAGC-CGTGTAGGAGGA.
The PCR products were run on a 2% agarose gel and visualized after incorporation of SYBR Green I. The relative amount of GluR subunit mRNA was analyzed by measuring fluorescent intensity of SYBR Green I (Molecular Probes) incorporation using LAS-1000 systems (Fuji Photofilm Co.). Each single cell RT product was normalized to the levels of GAPDH mRNA to ensure that the same amount of cDNAs was used for analysis of GluR1-4 mRNA.
Analysis of Q/R Editing
The second PCR product of GluR2(Q/R) was digested with BbvI restriction enzyme for 3 h at 37°C. The unedited form of GluR2(Q/R) was determined by restriction digest with BbvI, which would produce 137-and 93-bp bands for the unedited form (Paschen et al., 1994) .
Cobalt Staining
Double-labeling experiments were done to correlate NADPH-d staining with AMPA-stimulated Co 2ϩ uptake as described previously (Weiss et al., 1994) . Striatal cell cultures were exposed to 100 M AMPA in the presence of 1.6 mM Co 2ϩ . After 15 min, cultures were treated with 0.12% Na 2 S for 5 min, fixed, and stained for NADPH-diaphorase. To develop intracellular Co 2ϩ , the cultures were reacted with 0.1% AgNO 3 at 50°C for 30 min.
